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1995). Specifically, the GDP-bound form of ARF is water-
soluble, while GTP-bound ARF inserts into membranes
in a myristate-dependent manner. This switching mech-
anism is exploited to control the assembly and disas-
sembly of transport vesicle coats according to the type
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Graduate School of Medical Sciences of nucleotide bound toARF (Serafini et al., 1991). Vesicle
budding from the Golgi complex is initiated by Sec7Cornell University
1275 York Avenue domain±containing GEFs that catalyze nucleotide ex-
change, leading to GTP-dependent binding of ARF to aNew York, New York 10021
membrane (Chardin et al., 1996). In subsequent steps,
membrane-bound ARF triggers the recruitment of cyto-
solic vesicle coat proteins that sculpt a vesicle from theSummary
donor membrane (reviewed in Rothman and Wieland,
1996).Sec7-related guanine nucleotide exchange factors
Yeast sec7 was originally identified in a collection of(GEFs) initiate vesicle budding from the Golgi mem-
conditionally lethal mutants as one of the genes contrib-brane surface by converting the GTPase ARF to a GTP-
uting to vesicle budding early in the secretory pathwaybound, membrane-associated form. Here we report
(Novick et al., 1980). Subsequent work identified a re-the crystal structure of the catalytic Sec7 homology
lated protein from Saccharomyces cerevisiae, Gea1,domain of Arno, a human GEF for ARF1, determined
that possesses GEF activity for ARF (Peyroche et al.,at 2.2 AÊ resolution. The Sec7 domain is an elongated,
1996). Sec7 and Gea1 share a 200±amino acid se-all-helical protein with a distinctive hydrophobic groove
quence, termed the Sec7 domain, that is phylogeneti-that is phylogenetically conserved. Structure-based
cally conserved. In particular, the human protein Arnomutagenesis identifies the groove and an adjacent
contains a central Sec7 domain and this region is suffi-conserved loop as the ARF-interacting surface. The
cient for guanine±nucleotide exchange on myristoylatedsites of Sec7 domain interaction on ARF1 have subse-
ARF1 (Chardin et al., 1996). Arno is a member of a familyquently been mapped, by protein footprinting experi-
of 47 kDa mammalian proteins that share a highly con-ments, to the switch 1 and switch 2 GTPase regions,
served structure, comprising three domains. In additionleading to a model for the interaction between ARF
to the central Sec7 domain, there is a predicted N-termi-GTPases and Sec7 domain exchange factors.
nal coiled-coil region of 55 amino acids and a C-terminal
pleckstrin-homology (PH) domain (Chardin et al., 1996).
Introduction This suggests more complex regulation, and indeed the
GEF activity of Arno is enhanced by binding of the PH
Ras-related GTPases function as molecular switches in domain to phosphatidylinositol 4,5-bisphosphate that
cellular regulation bycycling between activeGTP-bound recruits Arno to membranes (Paris et al., 1997), regulat-
and inactive GDP-bound forms (reviewed in Bourne et ing ARF activation through a multivalent interaction.
al., 1991). The nucleotide-exchange and GTP hydrolysis The mechanism of GEF action on Ras-related GTPases
reactions that drive the cycle are both intrinsically very has remained elusive. The prevailing view is that GEFs
slow, and so a fundamental feature of GTPase signaling catalyze nucleotide exchange in part by stabilizing a
is the action of regulator molecules that catalyze these nucleotide-free state of the GTPase (Boguski and McCor-
interconversions (Boguski and McCormick, 1993; Rit- mick, 1993), and data supporting this model have been
tinger et al., 1997; Scheffzek et al., 1997). GEFs positively presented for the Ras GEF, yeast CDC25 (Lai et al.,
regulate GTPase functions by catalyzing the exchange 1993), as well as for Rab3a/Mss4 (Burton et al., 1994).
of GDP for GTP, leading to GTP-dependent interactions More directly, the crystal structure of the Escherichia
with downstream targets. In many cases GEFs are large, coli elongation-factor (EF)-Tu. EF-Ts complex provides
multidomain proteins and are themselves subject to a plausible structural model for GEF action, whereby
complex regulation (reviewed in Boguski and McCor- the EF-Ts exchange factor interacts with nucleotide-
mick, 1993). free EF-Tu and disrupts the Mg21 ion binding site at the
Members of the ARF family of Ras-related GTPases GTPase active site (Kawashima et al., 1996). However,
play a key role in eukaryotic secretory pathways and our current knowledge of the mechanistic bases for GEF
are best understood as regulators of vesicle-mediated catalysis and interactions with Ras-related GTPases
transport between Golgi cisternae (for reviews, see Bo- awaits further structural studies.
man and Kahn, 1995; Rothman and Wieland, 1996; Here we present the 2.2 AÊ crystal structure of the
Schekman and Orci, 1996). A key biochemical feature catalytic Sec7 domain of Arno protein, and a biochemi-
of ARF proteins is posttranslational N-myristoylation, cal analysis of its interaction with ARF1 GTPase. Our
which allows ARF to couple the GTP-GDP conforma- work reveals the structure of a human Sec7 domain GEF
tional switch to membrane binding (Randazzo et al., as an elongated, exclusively a-helical protein. A striking
polarization of conserved and hydrophobic residues on
the Sec7 domain surface is centered at the active site,*To whom correspondence should be addressed.
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and this region has been probed by site-specific muta-
genesis. Additionally, the sites of Sec7 domain interac-
tion on ARF1 have been mapped, by hydroxyl-radical
protein footprinting, to the switch 1 and switch 2 GTPase
regions. The structural and biochemical data together
suggest a molecular model for the interaction between
Sec7 domain exchange factors and ARF family GTPases.
Results and Discussion
Structure Determination
The Sec7 domain of human Arno is sufficient for ARF1
nucleotide exchange activity in vitro (Chardin et al.,
1996). We analyzed the domain structure of full-length
Arno protein by subjecting it to limited proteolytic (sub-
tilisin) digestion and analyzing the products by mass
spectrometry and N-terminal sequencing. The results
are illustrated in Figure 1A. The major subtilisin cleavage
sites map to the boundaries of the Sec7 domain, and a
core region (residues 60±253) is the dominant protease-
resistant product. All forms of the Sec7 domain used in
this study encompass this core region and have ARF1
nucleotide-exchange activity that is comparable to that
of full-length Arno.
The Sec7 domain (residues 51±256) yielded cubic
crystals that diffract X-rays to at least 2.0 AÊ resolution
in the laboratory. The crystal structure was determined
by the multiple isomorphousreplacement method(Table
1) as described in Experimental Procedures. The final
model, comprising residues 56±246, has a crystallo-
graphic R factor of 16.6%, and a free R value of 23.1%
at 2.2 AÊ resolution.
Structural Overview Figure 1. Three-Dimensional Structure of the Sec7 Domain
The three-dimensional structure of the Sec7 domain is (A) Schematic diagram showing the domain structure of human Arno
illustrated in Figure 1B. The 23 kDa polypeptide forms protein (Chardin et al., 1996) probed by limited subtilisin proteolysis.
The black box indicates the Sec7 domain crystallized in this study.a single, elongated domain with dimensions 55 AÊ 3 25
Arrows denote the major sites of subtilisin cleavage determined byAÊ 3 25 AÊ and consists of ten a helices, denoted A±J. The
amino-terminal sequencing and mass spectrometry (see Experi-seven N-terminal a helices, A±G, form a right-handed
mental Procedures).
superhelix, reminiscent of the armadillo-repeat region of (B) Ribbon representation (Kraulis, 1991) of the Sec7 domain of
b-catenin (Huber et al., 1997). The superhelical topology human Arno, showing its elongated and exclusively helical fold.
breaks down at a helix H, which forms a bundle with a From the N terminus, seven a helices (labeled A±G) form a right-
handed superhelix, against which the three C-terminal a heliceshelices I and J to cap one end of the molecule. Overall,
(H±J) pack. Two active site regions are colored yellow (the FG loop,the Sec7 domain is a compact, rod-shaped structure
residues 151±160, and part of the H a helix, residues 188±196). Thewith a single deep surface groove (see below).
N and C termini are labeled with N and C, respectively.
Figure 2 documents the high level of sequence con-
servation among Sec7 domains across phylogeny. For
example, the Sec7 domains of human Arno and yeast
data bank using the program DEJAVU (Kleywegt andSec7 proteins are 45% identical. Insertions and dele-
Jones, 1997) revealed some topological similarity be-tions in the six sequences aligned in Figure 2 map to
tween the superhelical region of the Sec7 domain (arandom coil regions of the protein structure. Finally,
helices A±E) and the 70-residue repeat region of an-the chemical nature of buried side chains is also highly
nexin, a Ca21/phospholipid-binding protein (Liemannconserved across the related sequences. These obser-
and Huber, 1997). Specifically, both subdomains formvations imply that all known Sec7 domains have the
a right-handed superhelix of five a helices. Sequence/same three-dimensional structure, and subsequent dis-
structure comparisons between the Sec7 domain andcussions of structure and mechanism are likely to be
GEFs for other Ras-related GTPases (Ras, Ran, Rho,relevant to all Sec7 domain GEFs. A large (25 residue)
and Rab) did not reveal any similarity. In particular, theinsertion in yeast Gea1 protein maps to the loop between
Sec7 domain is unrelated in architecture to the Raba helices G and H, which is located at a significant
GEF, human Mss4, a Zn21-binding protein for whichdistance from the active site.
the solution structure has been determined (Yu andAs far as we are aware, the Sec7 domain represents
a novel protein fold. A systematic search of the protein Schreiber, 1995).
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Table 1. Summary of Crystallographic Analysis
Diffraction Data and MIR Statistics
Reflections Completeness (%) Rmergeb (%) Phasing
Crystala Resolution (AÊ ) Measured/Unique Overall/Outer Shell Overall/Outer Shell Risoc (%) Powerd Rcullise
Native 1 6±2.2 57981/11490 96.0/93.8 4.1/11.9 (2.26±2.20 AÊ ) Ð Ð Ð
Native 2 16±2.2 81812/12390 98.3/86.8 5.9/30.6 (2.26±2.20 AÊ ) Ð Ð Ð
HgCl2 16±2.6 14267/5973 77.7/80.6 5.5/10.6 (2.68±2.60 AÊ ) 33.0 2.11 0.61
Thimerosal 16±2.6 31420/7374 95.4/93.9 6.4/19.2 (2.68±2.60 AÊ ) 18.6 2.24 0.62
K2Au(CN)4 16±2.8 20863/5968 95.3/97.0 6.9/29.2 (2.88±2.80 AÊ ) 25.2 1.83 0.71
Overall MIR figure of merit, 0.61 (16±2.6 AÊ )
Refinement Statistics
r.m.s. Deviations
R Value,
Crystal Resolution (AÊ ) Reflections Rcryst/Rfreef (%,%) Bonds (AÊ ) Angles (8) B Factors (AÊ 2)
Native 1 6±2.2 11005 16.6/23.1 0.010 1.4 3.4
a Crystal spacegroup P213; a 5 90.07 AÊ .
b Rmerge 5 100 3 Sh Si u Ih,i 2 ,Ih. u / Sh Si Ih,i.
c Riso 5 100 3 Sh u Fnath 2 Fderivh u / Shnath.
d Phasing power 5 r.m.s. heavy-atom structure factor / r.m.s. lack of closure.
e Rcullis 5 Sh u u Fderiv 2 Fnat u 2 u FHcalc u u / Sh u Fderiv 2 Fnat u (summed over centric reflections).
f Free R value was calculated with 5% of the data. R values were calculated for data with a 2s cutoff.
Sec7 Domain Surface Properties corresponding residue in Arabidopsis Emb30 protein is
mutated to lysine in a deficient allele (Shevell et al.,Figure 3 illustrates the surface features of the Sec7 do-
main, and highlights a distinctive groove located in a 1994). The second region that contributes to the forma-
tion of the surface groove is a central portion of a helixcentral region of the molecule. The groove is formed
from two structural elements (highlighted in yellow in H (residues 188±196), denoted block 2. Block 2 contains
a set of hydrophobic amino acids and is unusual inFigure 1B) that come close together in the three-dimen-
sional structure. First, the loop between a helices F and that many of these are significantly exposed to solvent
(Val187, Phe190, Ile193, and Met194).G (residues 151±160) is the most conserved region of
the Sec7 domain sequence and we denote this as block For reasons outlined below, we consider the surface
groove formed by block 1 and block 2 residues to be1 (Figure 2). Block 1 contains the invariant Glu156; the
Figure 2. Alignment of Sec7 Domain Sequences
The amino-acid sequences of the Sec7 domains of human Arno (Chardin et al., 1996), mouse GRP1 (Klarlund et al., 1997), S. cerevisiae Sec7
(Achstetter et al., 1988), Arabidopsis Emb30 (Shevell et al., 1994), a C. elegans homolog (taken from sequence of cosmid K06H7 (Sulston et
al., 1992)) and S. cerevisiae Gea1 (Peyroche et al., 1996). The divergent N- and C-terminal regions are not shown. Residue numbers above
the sequences correspond to Arno (Chardin et al., 1996). The secondary structure elements of the Arno Sec7 domain crystal structure are
indicated by cylinders for the ten a helices (labeled A±J). Residues that are invariant among the six sequences are highlighted in black; semi-
invariant residues are gray. Two highly conserved regions that together form the active site are underlined and denoted block 1 (residues
151±160) and block 2 (residues 188±196).
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Figure 3. Surface Properties of the Sec7
Domain
The molecular surface of the Sec7 domain is
shown in two views, 1808 apart (right-hand
view is oriented approximately as in Figure
1B). The color-coded surface shows a highly
polarized distribution of conserved and sol-
vent-exposed hydrophobic residues that is
centered atthe Sec7 domain active site. Resi-
dues are color-coded from 0 (white) to 1 (red),
where invariant and solvent-exposed hy-
drophobic residues are ascribed the highest
values (see Experimental Procedures). Figure
was created with CCP4 and GRASP (Nicholls
et al., 1991), following the approach of Ran-
ganathan et al. (1997).
the active site of the Sec7 domain. A notable feature of with myristoylated human ARF1 as substrate (see Exper-
imental Procedures). All the mutants have significantlythe groove is the large number of highly conserved and
hydrophobic amino acids that are presented at the sur- lower activity than wild-type Sec7 domain, reinforcing
theview that these residues form the activesite. Mutantsface. This immediately suggests a role for this region in
the interaction with ARF since clusters of hydrophobic R152V, R152E, and Q158N retain 10%±20% GEF activ-
ity; both of these residues project into solvent and awayresidues are a commonly observed structural feature
of protein±protein interfaces (Janin and Chothia, 1990; from the hydrophobic groove, and may lie at the periph-
ery of the active site. The other three mutations targetYoung et al., 1994). We analyzed the distribution of con-
served and hydrophobic residues on the protein surface residues that lie closer to (G155N, E156K) or in (M194K)
the hydrophobic groove, and all the mutants have loston a more objective basis, following the approach of
Ranganathan et al. (1997). For each residue in Sec7 GEF activity. In order to confirm that loss of activity was
not a result of significant changes in protein conforma-domain, we calculated a parameter that measures the
degree of conserved and solvent-exposed hydropho- tion, we determined the crystal structures of the G155N
and E156K mutant proteins and found only minor pertur-bicity (see Experimental Procedures). The distribution of
this parameter over the protein surface reveals a striking bations localized to the sites of mutation (data not
shown). Finally, residue Met194 is striking in that itspolarization of conserved hydrophobicity that is cen-
tered at the active site (Figure 3). This is the only such hydrophobic side chain projects directly into solvent,
and mutation to lysine completely abolishes GEF activ-region on the protein, reflecting the fact that surface-
exposed hydrophobic patches are energetically disfa- ity. On the basis of this evidence, we conclude that
residues Gly155, Glu156, and Met194 define a core re-vored and thus uncommon. The analysis suggests that
the Sec7 domain interacts with ARF GTPases in part gionof theactive siteand are likely to form direct interac-
tions with ARF.through an extended hydrophobic surface. To test this
proposal, and to confirm the location of the active site, In summary, the Sec7 domain active site comprises
a central hydrophobic groove featuring numerous sur-we constructed several mutants that target conserved
residues in this region and examined their GEF activities. face-exposed hydrophobic residues, and an adjacent
conserved loop (block 2) that is more hydrophilic and
includes the essential residues, Gly155 and Glu156.
Analysis of the Active Site
Figure 4 illustrates the results of the mutagenesis analy-
sis. We chose to mutate a set of invariant residues in Sec7 Domain±ARF1 Interactions
Both full-length Arno and the Sec7 domain alone canthe vicinity of the central hydrophobic groove (Figure
4B), selecting residue exchanges that were likely to pre- catalyze nucleotide exchange on myristoylated ARF1
in the presence of phospholipid vesicles. Intriguingly,serve the overall protein structure. Active-site mutants
R152V, R152E, G155N, E156K (corresponding to the de- N-myristoylation and phospholipids are both absolutely
required in this process (Chardin et al., 1996). In theficient emb30 allele [Shevell et al., 1994]) and Q158A are
from block 1, while M194K is from block 2 (Figure 2). absence of phospholipids, the Sec7 domain (and full-
length Arno) can however promote nucleotide exchangeThe GEF activities of the mutants were then assayed
Structure of Exchange Factor Sec7 Domain
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phospholipids, is required before the Sec7 domain can
act on ARF. This property is interesting since in vivo it
may provide an additional mechanism for the regulation
of ARF activation,by making phospholipid membrane an
essential cofactor in the GEF reaction. From a practical
point of view, the discovery (Paris et al., 1997) that GEF
catalysis can be uncoupled from a membrane require-
ment using [D1±17]ARF1 provides a system that is more
amenable to the biochemical characterization of the ex-
change-factor mechanism.
On this basis, we used the [D1±17]ARF1 mutant to
investigate the GTPase sites that are contacted by the
Sec7 domain, using hydroxyl-radical protein footprint-
ing methodology (Heyduk and Heyduk, 1994; Heyduk et
al., 1996). Our approach for footprinting involved four
steps (see Experimental Procedures). First, we 32P-
labeled [D1±17]ARF1 on an engineered C-terminal site.
Second, we subjected the 32P-labeled GTPase to hy-
droxyl-radical-mediated cleavage in both the presence
and absence of Arno Sec7 domain. Third, we separated
the cleavage products by denaturing PAGE and ana-
lyzed the resulting autoradiograms. Finally, we inter-
preted the pattern of cleavage protection by Sec7 do-
main in the context of the crystal structure coordinates
of ARF1 (Amor et al., 1994; entry 1HUR in the Brookha-
ven Protein Data Bank). The results of the footprinting
study are presented in Figure 5. The reaction was per-
formed under conditions in which theGTPase/GEF com-
plex is the major species in solution (Paris et al., 1997).
Two regions of the [D1±17]ARF1 molecule are strongly
protected by the Sec7 domain, corresponding to amino
acids 41±55 and 70±80 (Figures 5A and 5B). Importantly,
these two elements come close together in the ARF1
crystal structure and map to the switch 1 and switch 2
regions (Figure 5C). The apparent reduction in polypep-
tide-backbone solvent accessibility is striking, and we
propose that the Sec7 domain directly contacts these
regions of ARF1.
Crystal structures of Ras have shown that switch 1
(residues 32±40) and switch 2 (residues 60±70) are criti-
cal for conformational switching between the GTP- andFigure 4. Structure-Based Mutagenesis of Sec7 Domain Active Site
GDP-bound states (Schlichting et al., 1990). Further-(A) GDP to GTPgS exchange on human ARF1 catalyzed by wild-
more, recent structural analyses have confirmed thattype and mutant Arno Sec7 domains. The exchange factor assay
was performed as described in Experimental Procedures for varying these regions form the recognition surface for binding
times at 358C. Data points are the means of multiple measurements of Ras and Rho-family GTPases to their respective
(typically n 5 3). The curves represent unweighted least-squares GTPase-activating proteins (Rittinger et al., 1997; Scheff-
fits to first-order exponentials. The activities of the mutants (and
zek et al., 1997). Our current knowledge of how GEFsassociated standard errors) are shown as a percentage of wild-type
bind to Ras is limited to the results of site-directed muta-activity.
genesis, and these studies implicate multiple regions of(B) Close-up view of the Sec7 domain active site, in a similarorienta-
tion to Figure 1B. To delineate the active site region, selected resi- Ras, in particular residues in switch 1 (Mistou et al.,
dues were mutated. The mutants are classified into two groups 1992) and switch 2 (Mistou et al., 1992; Mosteller et al.,
according to the effect on nucleotide-exchange activity. Mutation 1994; Crechet et al., 1996; Quilliam et al., 1996). How-
of Arg152 (R152E, R152V) and Gln158 (Q158A; colored yellow) re- ever, the interpretationof the results of Ras mutagenesis
sults in partial loss of activity, while mutation of Gly155 (G155N),
is complicated by the difficulty in discriminating be-Glu156 (E156K), and Met194 (M194K; colored red) essentially abol-
tween mutations that directly perturb the GTPase/GEFishes activity. Several of the solvent-exposed hydrophobic residues
interface and mutations that influence the GEF interac-at the active site are shown, colored white.
tion indirectly by modulating elements of the GTPase
switching mechanism (discussed in Mistou et al., 1992).
efficiently on [D1±17]ARF1, a soluble mutant that lacks Nevertheless, several studies have clearly implicated
the N-terminal 17 amino acids (Paris et al., 1997). Appar- switch 2 residues of Ras in a direct interaction with the
ently, the myristoylated N terminus inhibits nucleotide GEFs CDC25 and Sos1 (Crechet et al., 1996; Quilliam
exchange catalyzed by the Sec7 domain, and a confor- et al., 1996). Finally, a role for switch 2 in the interaction
with the Rab GEF, Mss4, has been inferred based onmational change in the N-terminal region, mediated by
Cell
420
Figure 5. Hydroxyl-Radical Protein Footprint-
ing of ARF1
(A) Autoradiogram showing the results of
the hydroxyl-radical footprinting experiment.
[D1±17]ARF1 was 32P-labeled on a C-terminal
site and subjected to hydroxyl-radical-medi-
ated cleavage (see Experimental Proce-
dures). The reaction products were separated
on a 17.5% polyacrylamide tricine-SDS gel
followed by autoradiography. Reactions were
performed in both the absence (lanes 1, 3,
and 6) and presence (lanes 2, 4, and 7) of
Sec7 domain. Two major sites on ARF1 that
are protected from cleavage by Sec7 domain
are indicated with brackets on the left of the
picture. Sites of cleavage were calibrated us-
ing standards generated by digestion of [D1±
17]ARF1 with endoproteinases Glu-C, Lys-C,
and Asp-N (lanes 8, 9, and 10, respectively).
(B) Difference plot derived from analysis of
(A). Intensity difference ([Icomplex 2 IARF1] /
[Icomplex 1 IARF1]) is plotted against ARF1 residue
number (Icomplex is the corrected intensity for
the [D1±17]ARF1/Sec7 domain complex, and
IARF1 is the corrected intensity for [D1±17]ARF1
alone). Statistically significant differences ac-
cording to a Student's t test (confidence level
of 0.995; see Experimental Procedures) are
denoted by black bars above the x axis. Thick
bars denote regions of [D1±17]ARF1 that are
protected from cleavage by Sec7 domain;
thin bars indicate sites that become more
sensitive to cleavage in the presence of Sec7
domain.
(C) Summary of the footprinting experiment.
On the left is a backbone representation of
nonmyristoylated human ARF1 with bound
Mg21 and GDP, determined by X-ray crystal-
lography (Amor et al., 1994; entry 1HUR in the
Brookhaven Protein Data Bank). Backbone
residues are color-coded according to the
data in (B), so that regions protected from
hydroxyl-radical cleavage by Sec7 domain
are colored red, unaffected residues are
white, and regions that are more sensitive to
cleavage in the presence of Sec7 domain are
blue. The N-terminal 17 residues are included
in the picture (colored green), butwere absent
from [D1±17]ARF1 used in our footprinting
analysis. On the right, a surface representa-
tion of Sec7 domain is shownfor comparison;
two critical active site residues, Glu156 and
Met194, are indicated. Figure was generated
with GRASP (Nicholls et al., 1991).
the conservation of switch 2 residues among Rab-family regions of GTPases and perhaps promote nucleotide
exchange through a shared catalytic mechanism.GTPases (Yu and Schreiber, 1995). These observations,
together with the protein footprinting data presented in Figure 5C highlights the regions of the ARF1 molecule
that are responsive to Sec7 domain binding, accordingthis study, suggest that the switch 1 and switch 2 regions
of Ras-related GTPases may be a constant feature of to the footprinting data. In addition to switch 1 and
switch 2, a few other regions of ARF1 are clearly sensi-GEF-interacting surfaces. Despite their unrelated se-
quences, GEFs may recognize these common structural tive to complex formation, although the magnitude of
Structure of Exchange Factor Sec7 Domain
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the effect in these regions is lower. It is interesting to region of Sec7 domain may bind and disrupt the Mg21-
and phosphate-binding sites to promote nucleotide ex-note a statistically significant increase in hydroxyl-radi-
cal cleavage susceptibility induced by the Sec7 domain change on ARF.
that maps directly to the nucleotide-binding site (resi-
dues 29±33). The [D1±17]ARF1 protein used in ourexper- Experimental Procedures
iments has GTP bound at its active site (Randazzo et
Protein Preparation and Crystallizational., 1994), and the apparent increase in polypeptide-
Arno was cloned from a human brain cDNA library (Clontech) usingbackbone accessibility in this region is likely due to the
PCR and the published DNA sequence (Chardin et al., 1996), and
release of nucleotide from this site upon formation of ligated to the pET15b expression vector (Novagen) using NdeI and
the GTPase/GEF complex. This suggests that the nucle- XhoI restriction sites. Full-length recombinant Arno protein, with a
otide-binding site is vacant in thecomplex, in agreement hexa-histidine tag, was expressed in E. coli strain BL21(DE3)pLysS
and purified to homogeneity on Ni-IMAC and Mono-Q columnswith gel filtration studies (Paris et al., 1997), and that
(Pharmacia). To probe the domain structure of Arno, subtilisin diges-residues from Sec7 domain do not enter the guanosine-
tion products were analyzed by N-terminal sequencing and massbinding region of the GTPase active site.
spectrometry (electrospray ionization triple-stage quadropole meth-
odology; see Figure 1A). The Sec7 domain was the dominant prote-
ase-resistant product, and comprised Arno residues 60±253 (mea-
Conclusion sured molecular mass 22,382; predicted mass 22,387). The Sec7
The Sec7 domain mediates nucleotide exchange on ARF domain (residues 51±256) was cloned into pET15b and purified on
Ni-IMAC resin (Pharmacia). For crystallization, the hexa-histidinein a two-step process. An interaction with membrane,
tag was cleaved at the thrombin-specific site and protein purifiedmediated by the myristoylated N terminus of ARF, is
further on a Mono-Q column. Purified Sec7 domain was concen-required before the Sec7 domain can promote nucleo-
trated to 40 mg/ml in 150 mM KCl, 20 mM Tris-HCl (pH 8.0), 4 mM
tide exchange. This is puzzling from a structural stand- dithiothreitol. Large cubic crystals were grown by vapor diffusion
point since the N terminus of ARF is located at a distance at 258C over a reservoir solution containing 7% (w/v) polyethylene
from the switch 1 and switch 2 regions, where we believe glycol 400, 200 mM CaCl2 and 100 mM HEPES (pH 7.5). Reservoir
solution (1 ml) was added to an equal volume of protein solution.the Sec7 domain binds. It is possible that these two
The spacegroup is cubic P213 (a 5 90.07 AÊ ) with a single moleculesteps, membrane binding and Sec7 domain binding, are
in the asymmetric unit.required in concert to effectively unlock the nucleotide-
binding site. The Sec7 domain may act to destabilize
Data Collection and Structure Determination
the Mg21- and phosphate-binding sites, while the mem- For X-ray data collection, crystals were transferred to a solution
brane-mediated conformational change at the N termi- containing 5% polyethylene glycol 400, 100 mM CaCl2 and 100 mM
nus weakens bonds to the guanine base. Consistent HEPES (pH 7.5), before being mounted in capillary tubing. X-ray
diffraction data were measured at 248C on a Rigaku R-AXIS IV areawith this proposal, [D1±17]ARF1 is found tohave a higher
detector, with mirror-focused CuKa X-rays from a rotating anodeintrinsic nucleotide exchange rate than full-length myris-
source. Sec7 domain crystals diffract X-rays isotropically to at leasttoylated ARF1 (Kahn et al., 1992).
2.0 AÊ resolution. All X-ray data were processed using the DENZO
Our analysis identifies the switch 1 and switch 2 package (Otwinowski and Minor, 1993), and subsequent calcula-
GTPase regions as key sites for Sec7 domain interac- tions were performed with the CCP4 program suite (CCP4, 1994).
tion. The 26 amino acids in these regions that are foot- Three heavy atom derivatives were prepared by soaking crystals in
0.05±3 mM of the respective compound (Table 1). An initial electronprinted by Sec7 domain (residues 41±55 and 70±80) are
density map was calculated with data between 16 and 2.6 AÊ resolu-invariant among the six known human ARF proteins,
tion (mean figure of merit, 0.61) and improved by density modifica-with the exception of ARF6 (88% identical). Likewise,
tion using DM (CCP4 suite). This allowed an unambiguous tracing
the Sec7 domain active site is constructed from a set and sequence assignment of the Sec7 domain, using the program
of highly conserved residues. This suggests that there O (Kleywegt and Jones, 1994). Refinement of the model by conven-
is little or no specificity at the level of the ARF/Sec7- tional least-squares procedures was done with XPLOR (BruÈnger,
1992). The final refined model at 2.2 AÊ resolution (Table 1) has a freedomain interaction. However, the Sec7 domain±con-
R value (BruÈ nger, 1993) of 23.1% and comprises 1549 nonhydrogentaining GEFs are large proteins with complex domain
atoms and 98 water molecules. No electron density is observedstructures, and structural determinants that govern
for the five N-terminal residues 51±55, or ten C-terminal residues
specificity and regulation may reside in regions of the 247±256. The two C-terminal residues included in the refined model,
polypeptide other than the Sec7 domain. Ile245 and Pro246, have high thermal parameters (average B-value
Finally, we can recognize a general complementarity for all atoms of 78 and 93 AÊ 2, respectively), but their positions are
unambiguously defined in the experimental MIR electron densityof shape and chemistry between the interacting sur-
map. The average B value for all atoms in the refined structure is 31faces of the Sec7 domain and ARF1 (Figure 5C). The
AÊ 2. Stereochemical analysis of the refined model using PROCHECKSec7 domain active site has a bipartite structure, featur-
(CCP4 suite) revealed a single residue (Arg189) in the disallowed
ing a hydrophobic groove and an adjacent hydrophilic region of the Ramachandran plot. Coordinates will be deposited in
loop (block 1).Regions of the groove are likely to mediate the Brookhaven Protein Data Bank.
hydrophobic interactions with ARF, and it is interesting
to note two hydrophobic residues (Ile46 and Ile49) in Molecular Surface Analysis
Amino acid residues in Sec7 domain were each assigned a parame-the switch 1 region of ARF1 that are exposed to solvent
ter that measures the degree of conserved, solvent-exposed hydro-on the protein surface (Figure 5C). The hydrophilic loop
phobicity. Following the approach of Ranganathan et al. (1997),of Sec7 domain, including the essential Gly155 and
the parameter was quantified as ([conservation index] 3 [fractionalGlu156 (block 1), would then be available to interact
solvent accessibility] 3 [hydrophobicity index]). The conservation
with residues at the GTPase active site. In particular, index was determined from the sequence alignment (Figure 2) where
by analogy with the crystal structure of EF-Tu.EF-Ts the index is 1 for invariant residues, 0.5 for semi-invariant residues,
and 0 for nonconserved residues. Fractional solvent accessibility(Kawashima et al., 1996), we suggest that the block 1
Cell
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